Introduction
The first biosensor to be described was an amperometric enzyme electrode for glucose, 1 and currently an overwhelmingly large part of the market for bioelectronic sensors is dominated by blood glucose sensors for the management of diabetes. 2, 3 This reflects a strong demand for precise and frequent monitoring to stabilize glucose levels because correct dosing of insulin can reduce disease-associated effects, such as blindness, amputation, and kidney or organ failure. 4 However, sensors that measure glucose exclusively can show limitations because the body's demand for insulin is influenced by many factors in addition to glucose, such as hormones or other nutrients. 5, 6 Biosensors capable of considering these additional factors in the estimation of insulin demand would be highly advantageous. Whole-cell biosensors are particularly attractive due to their ability to integrate multiple inputs, 7 but the field has been mostly limited thus far to monitoring of environmental toxins and clinically relevant parameters, with no immediate implementation in the clinic documented yet. [8] [9] [10] [11] Moreover, there is a demand for smaller biosensors for greater portability and eventually for implantation. Our group is developing a whole-cell biosensor for the treatment of diabetes that exploits the multi-parametric sensing ability of β-cells, which are the insulin-secreting cells of pancreatic islets. β-Cells sense glucose and metabolize it to secrete insulin. Glucose metabolism is a multi-step process that involves the production of ATP, which triggers the opening and closing of potassium and calcium ion channels. Consequently, potassium and calcium ions flow across the cell membrane and produce an electric current. Various hormones and drugs can bind to receptors on the cell membrane, influence glucose metabolism, trigger ion channel opening, and consequently alter the electric current. Our biosensor uses micro-electrode arrays (MEAs) to record these electrical signals produced by β-cells in response to multiple environmental factors (glucose, lipids, hormones, etc.). The cells' response to changes in glucose concentration manifests itself in changes in the frequency of the recorded signals. [12] [13] [14] These extracellular signals are robust and are also influenced by the presence or absence of physiologically relevant hormones and drugs. [12] [13] [14] Compared to traditional glucose sensors, this biosensor offers high temporal resolution in real time since the frequency of the recorded signal changes quickly in response to changes in the environment. Entire islets, which are cell clusters measuring 50 to 300 μm in diameter, or individual islet cells measuring around 10 μm in diameter can be assessed by varying the size or spacing of micro-electrodes within the microscale range. The array layout and small interelectrode spacing allows for high sample throughput as well as investigation of interactions between neighboring cells. In the immediate future, this biosensor can be used ex vivo for rapid quality assessment of islet cells from deceased donors prior to their transplantation in the case of type 1 diabetes. Other applications are for online monitoring of stem cells during differentiation or for pharmacological screening to reduce animal experiments. In the long run, the same technology can be part of an artificial organ ex vivo or in vivo to realize closed-loop sensing as implantable biosensors that drive insulin pumps. 6 In both applications, immediate and long-term ones, only a few cells or islets are needed, in stark contrast to the several millions of islets required for transplantation. In the case of an artificial organ, these cells or islets may be obtained from deceased human donors or from appropriate animal sources. Signal quality and consequently overall sensor performance rely critically on good contact between cells and electrodes. 7, 8 Signal detection in cell-based biosensors has been greatly improved by reducing interference from encapsulation polymers, 15, 16 controlling cell placement, 17, 18 and increasing cell attachment to the sensing substrate. 19 For our whole-cell biosensor in particular, close cell-electrode proximity is vital to acquiring a detectable signal. 12-14 Pancreatic islets are rare and valuable since they must be isolated from a human donor. Therefore, we want to minimize the number of cells needed and develop a method of cell manipulation to place the cells on the electrodes in a standardized manner. Label-free techniques for controlling the placement of cells may employ different forces: acoustic, 20 ultrasonic, 21 electrical via dielectrophoresis, 22 mechanical, 23 or optical ("optical tweezers"). 24 Surface modification with adhesive proteins is simple to implement but offers less control and precision over the final placement of the cells. 25 Microfluidics methods as well as negative pressure and suction methods may generate significant hydrodynamic stress resulting in cell deformation 26, 27 or cell rupture 28 and require highly customized setups. Dielectrophoresis (DEP) can distinguish between cell types with different polarities but requires extensive instrumentation and the introduction of multiple additional electrodes in a complex layout, thus hindering its application to pre-existing MEAs and biosensors. 29, 30 DEP may also overheat samples, 31 and the high-frequency signals may cause electroporation and electrofusion. 32, 33 Moreover, unless high frequencies and very low-conductivity buffers are used, DEP moves particles away from target electrodes rather than towards them, making it undesirable for our purpose. 34 Since electrophoresis is better suited than DEP for migration of particles over long distances (up to centimeters) and does not require a complicated set-up, 34 it can be readily implemented into pre-existing MEAs. Previous work has focused on measuring electrophoretic mobilities or migrating the cells just over a short distance (fractioning cells), 35, 36 whereas the final goal of the present contribution is to bring the cell into close contact with the target electrode. Ozkan et al. nicely demonstrated that mouse neural stem cells could be spatially manipulated via electrophoresis and maintained normal morphology and proliferation rate. 37 They designed and created a customized electro-optical platform for this purpose but the same principle could be implemented into biosensors by cleverly selecting the optimal electrode layout for introducing the electric field. However, the question remains unanswered as to how these electric fields might affect cells in other more subtle ways that do not manifest themselves in such gross changes. This is particularly important in the context of biosensors, where it is crucial that the cells maintain their normal function and behavior so that the biosensor can function properly. We present here a non-invasive method of further exploiting the electrical properties of islet cells to guide them directly towards electrodes via simple electrophoresis. This work is the first to implement electrophoresis for spatial manipulation of cells directly into a biosensor. Moreover, our method uses commercial, readily available MEAs and does not require any components to be introduced into the system. We demonstrate that after spatial manipulation by electrophoresis, both primary and human cells retain normal behavior, resulting in a functional biosensor.
Materials and methods

Chemicals
Chemicals were purchased from Sigma (Sigma, St. Louis, MO, USA) except for glucagon-like peptide-1 (GLP-1) (Bachem Bioscience, King of Prussia, PA, USA). Nifedipine and glibenclamide were solubilized in dimethyl sulfoxide and adrenaline in ascorbic acid. The solvents (final concentrations ≤0.1%, v/v) did not affect electrical signals.
Islet isolation and cell culture
The pancreatic clonal β-cell line INS832/13 was kindly provided by Dr. C. Newgard, (Duke University School of Medicine, NC, USA), 38 cultured as published, 12 and used for experiments between the 50th and the 80th population doubling (PD), which indicates how many times the population has doubled in number. Adult (8-20 weeks) male C57BL/6 mice were killed in accordance with the ethical rules concerning animal care of the University of Bordeaux. Mouse islets were isolated, dissociated, and cultured for 3 days on MEAs, as previously described. 14, 39 Isolation was performed by extracting the pancreas, injecting it with 2 ml of collagenase NB 8 (1.1 PZ-U per ml, Serva Electrophoresis, Heidelberg, Germany) via cannulation through the pancreatic duct, cutting it into 1-2 mm pieces, and letting it be digested for 11 min at 37°C. The islets were then hand-picked to separate the endocrine tissue from the exocrine tissue. Dissociation was performed by incubating the islets in 0.1 mM trypsin-EDTA (Invitrogen, Carlsbad, CA) for 2 min at 37°C and subsequently pipetting up and down 20 times to break the islets up into individual cells. Human islets (90% purity, non-diabetic, 60 years, female, 21.5 BMI) were isolated and kindly provided by the Geneva Cell Isolation and Transplantation Center. Dissociation was performed by incubating the islets in Accutase (Fisher Scientific, Illkirch-Graffenstaden, France) for 6 min 30 s at 37°C while pipetting up and down for 15 s every 45 s.
Preparation of low-conductivity buffer
The conductivity of the incubating solution was reduced by decreasing the concentration of ions in the solution and substituting them with nonionic solutes to maintain an osmotic pressure suitable for biological cells (270-300 mOsm L −1 ). Mannitol was selected to balance the osmolarity because it does not affect glucose-induced insulin secretion. 40 Therefore, a custom buffer composed of 5 mM HEPES Ĳ4-Ĳ2-hydroxyethyl)-1-piperazineethanesulfonic acid), 270 mM mannitol, and 5 mM glucose was formulated. The osmolarity of the solution was measured using an Automatic MicroOsmometer Type 15 (Löser Messtechnik, Berlin, Germany). The pH of the solution was determined using a 0.1% bromothymol sulfone phthalein, (BTB) solution in 20% ethanol. The conductivity of the solution as well as the zeta potential of the polystyrene spheres and INS832/13 cells was measured using a disposable, capillary folded chamber and a Zetasizer Nano ZS apparatus (Malvern Instruments Ltd, Worcestershire, UK).
Cell viability and insulin secretion in low-conductivity buffer
Immediately after cell preparation, all cells were washed three times with the low-conductivity buffer to remove residual ions and were suspended in this buffer. The short-term and long-term effects of this buffer on clonal INS832/13 β-cells were investigated. To investigate the long-term effects, INS832/13 cells were first incubated in either cell culture medium or low-conductivity buffer at a density of 5. Platinum metal was selected as the electrode material, despite its relatively high impedance (800-1100 kΩ), because it allows positive bias to be injected into the electrode without causing significant degradation. The substrate material was glass and the insulation material was SU-8 epoxy (5 μm thick). The MEA surface was rendered hydrophilic by plasma treatment with air at 9.83 W L −1 for 2 min; it was prepped for cell culture by coating with Matrigel (2%, v/v, BD Biosciences, San Diego, CA, USA).
Computational modeling of electric field
The optimal configuration for applying an electric potential to the sensor electrodes was determined by computational modeling. The distribution of the resulting electric field in the sensor was calculated by finite element analysis using the software COMSOL Multiphysics (COMSOL, Stockholm, Sweden). Electric currents AC/DC module was used to solve the following Poisson equation: ∇·(σE + J e ) = Q j where σ is the electrical conductivity of the medium, E is the electric field, J e is the external current density vector, and Q j is the current source. The electric field is given by the following equation: E = −∇V. The velocity of particles with a charge, q, is directly proportional to the electrophoretic force, F, described by: F = qE. Neumann boundary conditions (n·J = 0) were used for the insulating layer and chamber edges. An electric potential
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Spatial manipulation by electrophoresis
An electric field was produced by applying an electric potential difference between neighboring electrodes. The electric potential was generated using an EmStat 3 potentiostat (PalmSens BV, Utrecht, Netherlands) with the working electrode acting at the positive potential and the counter electrode short circuited with the reference electrode acting at the negative potential. The electrophoresis of negatively charged round particles was investigated using uniform dyed polystyrene microspheres ĲPĲS/2% DVB)) of 10 μm diameter (Bangs Laboratories Inc., Fishers, IN, USA). Time-lapse images and videos were acquired using a Leica DFC295 digital camera mounted on a Leica MSV266 stereoscopic microscope and the Leica Application Suite (LAS) v4.3.0 (Leica, Heerbrugg, Switzerland). The efficacy of the treatment was determined by counting the number of cells on each electrode before and immediately after application of the potential. After 3-day culture, cell viability was quantitated with the LIVE/DEAD Cell Imaging Kit (Life Technologies, Eugene, OR, USA), which produces green fluorescence in live cells (ex/em 488 nm/515 nm) and red fluorescence in dead cells (ex/em 570 nm/602 nm). The kit was used according to the manufacturer's protocol by incubating cells in equal volumes of cell culture medium and 2× stock solution for 15 min at 20°C, and fluorescence was viewed using FITC and TRITC filters.
Electrophysiology and signal analysis
Extracellular recordings were performed at 37°C in a physiological buffer containing (in mM): 135 NaCl, 4.8 KCl, 1.2 MgCl 2 , 1.2 or 1.8 CaCl 2 , 10 HEPES and glucose as indicated (pH 7.4, adjusted with NaOH). 14, 41 Simultaneous analog data were acquired at 10 kHz per electrode using a MEA1060-Inv-BC-Standard amplifier (Multichannel Systems; gain: 1100; analog filter: 0.1 − 3000 Hz). Recordings were analyzed in real time using a customized recording and processing board developed by our group and offline using MC_Rack software (Multichannel Systems). In both cases, a 0.2−700 Hz secondorder Butterworth digital filter was applied and used to show representative traces. For offline determination of frequencies, slow potentials, which have been previously characterized, 14, 41 were extracted using a 0.2−2 Hz band-pass filter and detected using the threshold module of MC_Rack with a dead time (minimal period between two events) set to 500 ms. For each condition, slow potential frequencies were measured at steady state (last 3 min of application). The board performs multiple steps, all in real time, to detect and analyze slow potentials. First, it detects when the signal amplitude exceeds a threshold value and identifies minima and maxima based on amplitude criteria. Then, it qualifies a pair of minima and maxima as a slow potential when the timing between them is of a sufficient duration. Signal-to-noise ratio (SNR) measurements were performed on the recordings. It was considered that the signal of interest was that of the slow potentials, obtained by band-pass filtering at 0.2-2 Hz. Zerophase Butterworth filters were used to extract it in order to compensate for phasing issues with the noised signal. Measurements were thus performed for each electrode on two phase-aligned signals: the nonfiltered signal as recorded by the system (containing noise) and the slow-potential signal (noise filtered out).
Statistics
Experiments with pancreatic mouse islet cells were replicated on at least 2 MEAs, each covered with cells obtained from different mice. Results are presented as means and SEM of n electrodes. Two-way ANOVA with Sidak post hoc correction was used for comparisons between more than two groups.
3 Results and discussion
Islet-based biosensor
Pancreatic islet cells are loaded into MEAs and settle randomly, resulting in only a limited number of electrodes being covered with cells (Fig. 1A) . Cell-covered electrodes capture changes in the islet field potential that arise upon exposure to glucose (Fig. 1B and C, top row). In contrast, electrodes with either poor or no cell-contact do not record any specific signals (Fig. 1B and C, bottom row). For that reason, we explored the possibility of using electrophoresis to guide islet cells to recording electrodes.
Biocompatibility of low-conductivity buffer
Electrophoresis requires particles to be suspended in a buffer of low conductivity to avoid heat generation, ion depletion, Lab on a Chip Paper and pH changes. 42 We made a custom buffer with an osmolarity of 280 mOsm L −1 and a conductivity of 0.01 mS cm
that was suitable for both the tonicity of biological cell membranes and the electrophoretic manipulation. The pH of the solution by visual assessment with BTB was around 7-7.5 and was unaffected by application of 2.5 V for 10 min (Fig.  S1 †) . Low-conductivity buffers may induce cell swelling, so we investigated the short-term and long-term effects of our custom buffer on clonal INS832/13 β-cells. In particular, we measured the cells' insulin secretion, which is the endproduct of multi-step metabolic processes and is highly sensitive to slight variations in the concentration of calcium. 43 Insulin secretion in response to low (3 mM) and high (15 mM) glucose concentrations was determined and calculated as percent of total content (Fig. S2 †) . Incubating cells in lowconductivity buffer for 30 min did not impair the insulin secretion of INS832/13 cells in the short term (0.16 ± 0.01% and 1.09 ± 0.14% of total insulin secreted at 3 mM (G3) and 15 mM (G15), respectively; fold increase: 6.97 ± 2.20; n = 3) (Fig.  S2A †) . Also, after 72 h of culture, insulin secretion was better than in controls (Fig. S2B †) . We observed a decrease in content by 29.54 ± 3.48% in cells incubated in low-conductivity buffer; however, the difference was not significant. We also determined the metabolic activity using the MTT assay, which mainly reflects the activity of NADĲP)H-dependent oxidoreductases. 44 Similarly to secretion, the metabolic activity of treated cells 24 h later was not lower than that of control cells (Fig. S2C †) .
Characterization of electric charge at the surface of clonal INS832/13 β-cells
The zeta potential of clonal INS832/13 β-cells was measured in low-conductivity buffer to determine the electric charge present at the cell surface. As the distribution chart for the zeta potential of INS832/13 cells in Fig. 2A shows, the cells had an average zeta potential of −27.0 ± 1.4 mV (standard deviation) (n = 9). These results are in agreement with the values obtained for other mammalian cells. 37 The zeta potential of polystyrene spheres, which were used as model particles, was strongly negative (−76.6 ± 1.5 mV, n = 3) due to the presence of charged sulfonate groups ĲRSO 2 O − ) (Fig. S3A †) . 45 The low level of variability in the measured values indicates the uniformity of these spheres. This permitted us to use polystyrene spheres for preliminary testing.
Design strategy for electrophoresis in MEA
Electrophoretic patterning of cells typically requires many components, such as external electrodes and micromanipulators, to be added to a set-up. 37 We sought to eliminate the need for any external elements and to implement an electric field directly into MEAs using only pre-existing electrodes. With this goal in mind, we performed finite element analysis to determine between which electrodes to apply an electric potential to produce the strongest electric field.
The final configuration chosen was a "neighboring electrode" configuration where adjacent electrodes were subjected to a potential difference of 1 (Fig. 2B ), 1.5, 2.0, or 2.5 V (Fig. S4 †) . This configuration allowed the shortest distance between oppositely charged electrodes and consequently the strongest field maxima possible. This is important because cells are only weakly charged and therefore require fields to be sufficiently strong to induce electrophoretic movement. The computational model shows the calculated electric field distribution, where the field strength is indicated by the color gradient and the direction of the field is indicated by the black arrows. The electric field is strongest (red areas) near the electrodes and will cause cells to move quickly. Conversely, the electric field is weakest (dark blue areas) at the midpoint between electrodes of the same polarity, which means that cells in this area will be only weakly affected by the field and move slowly, if at all. The scarcity and small scale of the arrows in this area suggests that the motion of the cells in this area is difficult to predict. The arrows indicate that the cells, which exhibit a negative surface charge, will move away from the negatively charged electrodes and toward the positively charged electrodes. 
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The model allows the electrode configuration to be optimized by providing valuable insight into how cells will migrate in the MEA under idealized conditions. In practice, other factors, such as hydrophobic interactions between the cells and the MEA surface, will influence cell movement, thus necessitating experimental trials.
Electrophoresis of clonal INS832/13 β-cells
As a proof of principle, we tested the electrophoresis of polystyrene spheres in this configuration. As expected, polystyrene spheres subjected to the field were quickly repelled from negatively charged electrodes and gathered over positively charged electrodes as shown in Fig. S3B . † We then investigated the electrophoretic migration of clonal INS832/13 β-cells under these same conditions. Time-lapse images showed the gradual migration of the cells towards positively charged electrodes, following the electric field lines calculated by the computational model (Fig. 2C) . The cells were clearly clustering around the target electrodes after just 60 s exposure to the electric field generated by applying 1.5 V. Most of the cell movement occurred within the first 3 min and the target electrodes were covered evenly with cells. INS832/13 cells moved more slowly in comparison to polystyrene spheres. This may be due to the weaker electric charge of the cells (−27 mV vs. −77 mV) or their higher density, which increases drag forces and counteracts the electrophoretic force. The observed movement was due primarily to electrophoresis alone and is in contrast to other work that relies on both electrophoresis and dielectrophoresis to concentrate much smaller cells, such as bacteria, on electrodes. 46 
Effect of field strength on the density of clonal INS832/13 β-cells over electrodes
We sought to determine the minimum potential necessary to attract clonal INS832/13 β-cells to target electrodes. INS832/ 13 cells were loaded into MEAs and exposed to various potentials: 0, 1.0, 1.5, 2.0, and 2.5 V for 10 min (Fig. 3A) . The number of cells present on each electrode was counted at the beginning and end of each trial. Comparisons were made between the cell quantities on positively charged versus negatively charged electrodes (Fig. 3B ). Fig. 3 shows that in the absence of an applied potential, the number of cells present on all electrodes was comparable. Application of a 1.0 V potential resulted in a two-fold increase in the cell coverage of positively charged electrodes. As greater potentials were applied, the number of cells on positively charged electrodes continued to increase at a rate of 4.26 cells per electrode per V (linear curve fit, R 2 = 0.99). It is important to note that cells migrating to positively charged electrodes were originally situated in the area between the electrodes and not necessarily over negatively charged electrodes. In contrast, the cell coverage of negatively charged electrodes decreased at a rate of −1.52 cells per electrode per V (linear curve fit, R 2 = 0.91).
Negatively charged electrodes became bare when 2.0 V or Lab on a Chip Paper more was applied. The ratio of cell coverage on positively charged electrodes compared to negatively charged electrodes increased considerably from 1.18 at 0 V to 4.68 at 1.5 V and then increased at a rate of 65.32 V −1 between 1.5 V and 2.5 V (linear curve fit, R 2 = 0.91). Therefore, increasing the applied potential resulted in both an increase in cell coverage of electrodes as well as in greater selectivity over which electrodes were covered. However, achieving maximum cell coverage is not necessarily desirable since only a few cells are necessary to generate detectable signals and overcrowding of beta cells may introduce barriers to nutrient diffusion.
Effect of electric field on the morphology of clonal INS832/13 β-cells
We were concerned with the potentially detrimental effects of exposure to an electric field since excessively strong electric fields can harm cells, causing electroporation, etc. [47] [48] [49] However, it is also important to have an electric field that is sufficiently strong to displace the cells. We sought to determine the maximum potential that could be applied before morphological changes would be detected. Clonal INS832/13 β-cells were loaded into the MEA and subjected to various potentials: 0, 1.5, 1.75, or 2 V for 10 min. After 3 days in culture, cell morphology was examined using an inverted light microscope, which only permitted cells around and not directly above the electrodes to be examined. Cell morphologies for 1.5 V and 2.0 V are shown in Fig. 3C (0 and 1.75 V not shown). Control cells adhered well to the MEA surface and stretched across. This normal behavior was also observed for cells exposed to up to 1.5 V. On the other hand, cells subjected to 1.75 V and 2 V exhibited decreased adherence and reduced proliferation. Blebbing and membrane extensions were also visible, indicating a detrimental effect of such a high potential. In addition to morphological assessment, live and dead cells were identified and quantitated by the LIVE/DEAD kit (Fig. S5 †) . Intracellular esterase activity in live cells caused green fluorescence in the cytoplasm, while damaged cell membranes in dying and dead cells caused red fluorescence in the nucleus. The number of live cells was slightly lower for groups exposed to 1.5 V (168 cells) or 1.75 V (162 cells) compared to the untreated group (187 cells) and even lower for the group exposed to 2.0 V (140 cells). The number of dead cells was not drastically different between the untreated group and the 1.5 V group (43 cells compared to 60 cells, respectively). However, exposure to 1.75 V and 2.0 V resulted in dramatically more dead cells (141 and 169, respectively), suggesting that many cells were damaged by the high potential and died soon after. The observation that higher potentials did not have as profound of an effect on the number of live cells can be explained by the fact that cells were exposed to different electric field strengths depending on their position in the MEA. This could have led to heterogeneity in the cell population where cells exposed to the highest field strength died soon after and cells exposed to the lowest field strength were unaffected and able to grow. Therefore, potentials should remain at or below 1.5 V to avoid harming INS832/13 cells.
Effect of field strength on the density of murine islet cells over electrodes
Our main goal is to use electrophoresis for the manipulation of pancreatic islets, either whole or dissociated, as these cells are representative of the native environment. Pancreatic islets are typically less robust and more sensitive to stress than clonal β-cells and may behave differently in the same electric field. Therefore, we investigated the migration of dissociated mouse islets in the MEA after the application of different electric potentials: 0, 1.0, 1.5, and 2.0 V. After 10 min application of the potential, photographs were taken (Fig. 4A) and Lab on a Chip Paper the cells on each electrode were counted (Fig. 4B ). In the absence of an applied potential, the number of cells present on the different electrodes was comparable (0.65 ± 0.11 and 0.75 ± 0.11 cells per electrode, respectively). Cell coverage of positively charged electrodes increased by a factor of 2.66 after the application of 1.0 V and continued to increase at a rate of 2.0 cells per electrode per V (linear curve fit, R 2 = 0.97)
as the potential was further increased. In contrast, cell coverage of negatively charged electrodes decreased at a rate of −0.2 cells per electrode per V (linear curve fit, R 2 = 0.92).
A 2 V potential was applied to the MEA for 1 min using the neighboring-electrode configuration. As expected, the cells migrated away from the negatively charged electrodes and towards the positively charged electrodes (Fig. S6 †) . Subsequently, the electric field was reversed. This triggered cell migration in the opposite direction. This serves as a confirmation that the cells present over the electrodes are there exclusively due to the effects of the electric field. Others have performed electrophoretic patterning of cells and have assessed cells for normal morphology and proliferation rate. 37 Here, we went an important step further by evaluating the overall performance of the biosensor after the cells had been manipulated electrically.
Effect of electric field on the electrophysiological behavior of murine islet cells
Cells from 100 mouse islets were seeded into 1-well MEAs. The bottom half (last 4 rows) of the MEA was designated as the control group and the top half (first 4 rows) was designated as the treated group. A 1 V electric potential was applied to the first 4 rows of electrodes for 3 min, generating an electric field in only the top half of MEAs. The MEAs were then cultured for 3 days as usual to ensure good cell adherence and gap-junction formation between β-cells.
14 The electrical activity of cells was evaluated by recording their response to glucose and various drugs and subsequently analyzed offline. Normal glucose-induced electrical activity of β-cells is characterized by a low-frequency signal, termed a slow potential, that arises from β-cells linked to one another by gap junctions, just as islets are in situ. 14 We investigated the response of electrophoresed cells to increasing concentrations of glucose. We observed that slow potentials were very rare or just absent (0.018 ± .005 Hz) during low glucose (3 mM) incubation and arose to 0.360 ± .015 Hz during high glucose (15 mM) incubation (Fig. 5) . This was not significantly different to control cells (0.016 ± .005 Hz and 0.369 ± .015 Hz, respectively) and in accordance with what is already published. 14, 39, 41 Therefore, the cells fully retain their discriminatory response to glucose. These glucose-induced signals were suppressed by the addition of adrenaline (5 μM, Fig. 5 , G15 + Adr) or nifedipine (25 μM, not shown), two inhibitors of β-cell electrical activity. 14 This further confirms that electrophoresis does not affect the ability of the biosensor to detect glucose variations, hyperglycemic hormones or molecules targeting Ca 2+ ion channels. The addition of the antidiabetic sulphonyl urea glibenclamide (100 nM), a known beta cell activator, during low glucose conditions stimulated slow potentials in electrophoresed cells (0.259 ± 0.023 Hz, n = 24, G3 + Glib). Differences in the frequency of slow potentials were not statistically significant (p > 0.05, t-test) between control cells and electrophoresed cells for all incubating solutions. This demonstrates that primary islet cells manipulated by the electric field maintained normal electrophysiological behavior and can be used as a sensor. SNR measurements were performed to quantify the variation in signal quality brought by the treatment. Electrodes with higher cell density due to an applied electric potential (n = 9) demonstrated a considerably higher SNR compared to control electrodes (n = 12) but the difference was not statistically significant (mean and SEM values for SNR in dB (logarithmic) shown in Table  S1 †). We also tested whether whole islets could be manipulated in a similar fashion. However, the same voltages tested here did not allow substantial movement. Pancreatic islets consist of 1000 to 2000 agglomerated cells and are held together by the extracellular matrix. 50 Their increased size and weight means that the effects of drag force through the conducting buffer becomes increasingly significant.
Utilization of the bioelectronic sensor with electrophoresed human islet cells
Cells from 100 human islets were seeded into 1-well MEAs and received the same treatment as described for mouse islet cells (bottom half as control group and top half as treated Lab on a Chip Paper group) and as summarized in Fig. 6A . The electrical activity of the cells was recorded using a customized recording and processing board (see Fig. 6B ) and analyzed in both real time and offline. The board performs filtering, amplitudethreshold detection, and slow potential frequency quantification in real time. It should be noted that human donor islets often react only slightly to glucose alone, reflecting the multifactorial nature of islet stimuli in man 5 and the heterogeneity of humans in contrast to inbred mice strains. We have therefore stimulated islets by glucose and the gut hormone glucagon-like peptide-1 (GLP-1), which is physiologically released from the intestine upon food ingestion and is required in man for physiological activation of islets. During low glucose incubation (3 mM, Fig. 6C 
Conclusion
We have presented here a method to spatially manipulate highly sensitive mammalian cells and guide them directly to target electrodes in a bioelectronic sensor. 51 We reported the first instance of mouse and human pancreatic islet cells being spatially manipulated in an electric field, which was generated within the sensor by applying an electric potential between neighboring micro-electrodes. We succeeded in balancing the applied voltage to achieve optimal cell attraction, viability, and functionality. These optimized parameters allowed the cell loading efficiency to be improved without affecting the performance of the biosensor. This technique can be applied to other microarray-based devices without the need for any additional, external electrodes to be introduced into the system. Lab on a Chip Paper and we would also like to thank Bertrand Goudeau for granting us access to and assisting us with the Leica stereoscopic microscope. Figures   Fig. S1 . pH of low-conductivity buffer as measured by a 0.1% bromothymol sulfone phthalein (BTB) solution. The pH of the low-conductivity buffer is in the 7.0-7.5 range and is unaffected by application of 2.5 V for 10 min. Images of BTB-containing calibration solutions at pH 6 and pH 8 are used to reference color.
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